The regulation of blood vessel formation is of fundamental importance to many physiological processes, and angiogenesis is a major area for novel therapeutic approaches to diseases from ischemia to cancer. A poorly understood clinical manifestation of pathological angiogenesis is angiodysplasia, vascular malformations that cause severe gastrointestinal bleeding. Angiodysplasia can be associated with von Willebrand disease (VWD), the most common bleeding disorder in man. VWD is caused by a defect or deficiency in von Willebrand factor (VWF), a glycoprotein essential for normal hemostasis that is involved in inflammation. We hypothesized that VWF regulates angiogenesis. Inhibition of VWF expression by short interfering RNA (siRNA) in endothelial cells (ECs) caused increased in vitro angiogenesis and increased vascular endothelial growth factor (VEGF) receptor-2 (VEGFR-2)-dependent proliferation and migration, coupled to decreased integrin ␣v␤3 levels and increased angiopoietin (Ang)-2 release. ECs expanded from blood-derived endothelial progenitor cells of VWD patients confirmed these results. Finally, 2 different approaches, in situ and in vivo, showed increased vascularization in VWFdeficient mice. We therefore identify a new function of VWF in ECs, which confirms VWF as a protein with multiple vascular roles and defines a novel link between hemostasis and angiogenesis. These results may have important consequences for the management of VWD, with potential therapeutic implications for vascular diseases. (Blood. 2011;117(3) :contributed equally to this study.
Introduction
Angiogenesis, the formation of new vessels from pre-existing ones, occurs physiologically in specific circumstances such as wound healing and the menstrual cycle. Dysregulated angiogenesis contributes to the pathogenesis of many disorders, including diabetes, cancer, and macular degeneration (reviewed in Carmeliet 1 ). Angiogenic factors such as vascular endothelial growth factor (VEGF) and the angiopoietins (Ang) orchestrate signaling pathways that promote endothelial cell (EC) migration, proliferation, and ultimately the formation of a new vessel. VEGF-A is a major regulator of angiogenesis (reviewed in Grothey and Galanis 2 ) and acts on ECs mainly through VEGF receptor-2 (VEGFR-2), a tyrosine kinase receptor (reviewed in Olsson 3 ), to promote endothelial proliferation, migration, and sprouting of tip cells in the early stages of angiogenesis (reviewed in Gerhardt 4 ). Ang-1 and Ang-2, which bind to the endothelial Tie-2 receptor, act in the later stages of blood vessel formation and are essential for the maturation of a stable vascular network and for the maintenance of endothelial integrity (reviewed in Thomas and Augustin 5 ). Ang-1 and Ang-2 were originally identified as agonist and antagonist of Tie-2 signaling, respectively, with Ang-1 supporting EC survival and endothelial integrity 6 and Ang-2 promoting blood vessel destabilization and regression. 7 However, recent data suggest a more complex picture that includes cross-talk between the VEGF and the Ang pathways. 8 Growth factor signaling pathways are influenced by surface adhesion molecules that mediate cell-cell or cell-matrix interactions, particularly by members of the integrin superfamily. The integrin that has received most attention in ECs is ␣v␤3 (reviewed in Hodivala-Dilke 9 ), which mediates binding to several extracellular matrix proteins and growth factor receptors including VEGFR-2, thus influencing VEGFR-2 signaling (reviewed in Somanath et al 10 ) . ␣v␤3 plays a complex role in angiogenesis. Although the original data pointed to a uniquely pro-angiogenic role, more recent studies have highlighted the function of ␣v␤3 as both pro-and anti-angiogenic, possibly depending on the local extracellular environment and the specific ligand(s) (reviewed in Hodivala-Dilke 9 and Somanath et al 10 ) .
One such ligand is von Willebrand factor (VWF), 11 a multimeric plasma glycoprotein that mediates platelet adhesion to both the subendothelial matrix and endothelial surfaces and acts as a carrier for coagulation factor VIII in the circulation. 12 VWF plays an essential role in hemostasis: its deficiency or dysfunction causes von Willebrand disease (VWD), the most common congenital bleeding disorder in humans, 13 and increased levels of VWF are involved in acute coronary thrombosis and are a clinical marker of risk associated with atherosclerosis. 14 Endothelial VWF is also involved in the regulation of inflammation by modulating leukocyte adhesion through direct and indirect mechanisms. 15, 16 VWF is synthesized by ECs, where it is both constitutively released into the circulation and stored within Weibel-Palade bodies (WPBs), from where it can be rapidly released upon stimulation. 17 VWF drives the formation of WPBs, 18 which also store regulators of angiogenesis and inflammation, including Ang-2 (reviewed in Metcalf et al 19 ) . In up to 10% of cases, VWD is associated with angiodysplasia, 20 the most common vascular lesion of the gastrointestinal tract that can be responsible for intractable bleeding. Angiodysplastic lesions are characterized by a thin-walled, fragile vascular network with a disrupted architecture, increased permeability, and susceptibility to rupture. Recent studies have suggested that angiogenesis is involved in the pathogenesis of vascular malformations. 21 Increased VEGF expression has been reported in human colonic angiodysplasia 22 and, more recently, anti-angiogenic treatments have been cautiously tested to control bleeding from vascular malformations, with promising results (reviewed by Bauditz and Lochs 23 ).
Because of its relationship with regulators of angiogenesis and the clinical observations of angiodysplasia in VWD patients, we postulated that VWF may regulate angiogenesis. Using human umbilical vein ECs (HUVECs), we found that inhibition of VWF expression by short interfering RNA (siRNA) in vitro resulted in increased stability of the capillary network in a 3D tube-formation assay, increased VEGFR-2-dependent proliferation and migration, which was coupled to a decrease in ␣v␤3 levels and activity and increased Ang-2 release. In VWF-deficient mice, we observed increased angiogenesis and a larger vascular network. Finally, we validated these findings in VWD patients using ECs derived from circulating progenitor cells. We conclude that endothelial VWF regulates angiogenesis.
Methods

Reagents
Unless otherwise specified, all reagents were purchased from Sigma-Aldrich.
Cells
HUVECs (Lonza) were cultured in endothelial cell growth medium-2 (EGM-2; Lonza). Blood outgrowth ECs (BOECs) were isolated from healthy volunteers and VWD patients as described in Ingram et al. 24 This study was approved by the ethics committees of the Hammersmith, Queen Charlotte's, and Royal Marsden hospitals; informed consent was obtained from all individuals in accordance with the Declaration of Helsinki.
Design and delivery of VWF-specific siRNA
RNA interference of VWF expression was induced with siRNA (siVWF) using the target sequences 5Ј-AAGGGCTCGAGTGTACCAAAA-3Ј or 5Ј-ACGGCTTGCACCATTCAGCTA-3Ј (Qiagen) or 5Ј-GGGATCTGTGA-TGAGAACGGA-3Ј. AllStars Negative Control siRNA (siCTL; (Qiagen) was used as a control. Transfection of HUVECs was by nucleofection or as described in Birdsey et al. 25 
Polymerase chain reaction and immunoblots
RNA and protein were prepared from siCTL-or siVWF-treated HUVECs after 24-48 hours. Levels of VWF and ␤3 integrin mRNA, normalized to GAPDH, were measured by quantitative real-time polymerase chain reaction (RT-PCR) using the following primers to VWF: (5Ј-GCAGTG-GAGAACAGTGGTG-3Ј, 5Ј-GTGGCAGCGGGCAAAC-3Ј), ␤3 integrin (5Ј-TGACGAAAATACCTGCAACCG-3Ј, 5Ј-GCATCCTTGCCAGTGTC-CTTAA-3Ј), and GAPDH (5Ј-CAAGGTCATCCATGACAACTTTG-3Ј, 5Ј-GGGCCATCCACAGTCTTCTG-3Ј).
Immunoblotting of whole-cell lysates was performed with antibodies to: VWF (polyclonal: A0082; Dako); ␣V (polyclonal: Ab1930; Millipore); ␤3 (polyclonal: 4702; Cell Signaling Technology); and ␤1 (clone: P5D2; Millipore). Quantification was performed by densitometry and normalized against ␣-tubulin (clone: 1A4).
Immunofluorescence of HUVECs
Immunofluorescence was performed as described in Birdsey et al 25 with antibodies to VWF, vascular endothelial (VE)-cadherin (clone: 55-7H1; BD Biosciences), CD45 (clones: 2B11ϩPD7/26/16; Serotec), or intercellular adhesion molecule-2 (ICAM-2; clone: BT-1; Serotec). Images were captured using an LSM510 META confocal microscope (Carl Zeiss) using a 63ϫ objective lens and running Version 3.2 of the LSM acquisition software.
In vivo angiogenesis Matrigel assay
The assays were performed as described in Birdsey et al 25 on VWFdeficient mice (KO) 26 (The Jackson Laboratory) or littermate controls. Experiments were performed according to the Animals (Scientific Procedures) Act 1986.
Staining of Matrigel plugs
Sections (4 m) of paraffin-embedded Matrigel plugs were stained with hematoxylin and eosin or with anti-CD31 antibody (polyclonal: Ab28364), anti-VEGFR-2 antibody (polyclonal: Ab2349; Abcam), anti-CD45 antibody (clone: 30-F11; BD Biosciences), or immunoglobulin G control (Insight Biotechnology), as described in Birdsey et al. 25 Volocity software (Improvision) was used to quantify nucleated cells. Images were taken with a BX50 camera (Olympus) with Viewfinder software Version 3.0.1 (Pixera) using a 4ϫ objective lens. The whole section was photographed using between 2 and 7 fields of view.
Integrin trafficking
Measurement of ␤3 integrin internalization was performed as described in Roberts et al. 27 Briefly, 48-hours after transfection, siCTL-or siVWFtreated cells were serum starved for 2 hours in M199 10mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid)-NaOH, pH 7.5, and bovine serum albumin (BSA) 0.1%, then surface labeled on ice with 0.2 mg/mL succinimidyl 2-(biotinamido)-ethyl-1,3Ј-dithiopropionate (NHS-SS-biotin; Pierce/Thermo Fisher Scientific). Cells were transferred to serum-free medium containing 0.6mM primaquine to prevent recycling, and incubated at 37°C for 7.5 minutes. Cells were then incubated on ice and stripped of their residual surface-bound biotin by treatment with the reducing agent sodium 2-mercaptoethane sulfonate. Cells were lysed in 50mM Tris-HCl (pH 7.5), 150mM NaCl, 5mM Na 2 -EDTA (ethylenediaminetetraacetic acid), 0.5% deoxycholate, 1% Triton X-100, 0.05% sodium dodecyl sulfate, 15mM NaF, and 1.5mM Na 3 VO 4 supplemented with protease inhibitor cocktail (Sigma P8340). Lysates were subjected to capture enzyme-linked immunosorbent assay (ELISA) in microtiter plates coated with ␤3 antibody (clone: VI-PL2; BD Pharmingen) and detected by streptavidin-conjugated peroxidase using o-phenylenediamine dihydrochloride as a substrate.
Ang-2 release
Ang-2 was detected in the cell supernatant of siCTL-or siVWF-treated HUVECs for 48 hours using the Human Angiopoietin-2 DuoSet ELISA kit (R&D Systems Europe).
Proliferation of HUVECs and BOECs
siCTL-or siVWF-treated HUVECs or BOECs were incubated with M199 medium containing 1% fetal calf serum (FCS) for 4 hours. Cells were seeded onto gelatin-coated 24-well plates at 3684 cells/cm 2 in M199/10% FCS Ϯ 100 ng/mL VEGF 165 (PeproTech) and Ϯ 10 g/mL VWF (purified from plasma concentrate in-house). Cells were counted using a hemocytometer 96 hours after seeding.
Migration of HUVECs and BOECs
siCTL-or siVWF-treated HUVECs were incubated with M199 medium/1% FCS for 4 hours. Migration was measured Ϯ 50 ng/mL of VEGF 165 and 10 g/mL of purified VWF as described in Huang et al 28 using a Zeiss LSM510 META microscope. Individual cell migration was quantified from 3 separate experiments measuring 10 cells per treatment using ImageJ software Version 1.43 (National Institutes of Health) with tracking (Institut Curie) and chemotaxis (Ibidi) plug-ins. The migration of cells at the periphery of BOEC colonies was measured with the same procedure as for the migration of HUVECs.
In vitro Matrigel assay
siCTL-or siVWF-treated HUVECs or BOECs were incubated with M199 medium/1% FCS for 4 hours. Cells were resuspended in M199/1% FCS Ϯ 10 g/mL of purified VWF and seeded onto growth factor-depleted Matrigel (BD Biosciences)-coated 48-well plates at 50 000 cells/cm 2 . Capillary tubes were photographed with a CKX41 microscope (Olympus) using a 4ϫ objective lens and a DP12-2 camera (Olympus). Total capillary tube length at 24 hours after seeding was quantified using ImageJ software.
Staining of mouse ears
VWF-deficient mice or littermate controls were culled, the ears removed, fixed with 3% paraformaldehyde in phosphate-buffered saline (PBS) for 60 minutes, washed in 50mM NH 4 Cl PBS, and the cartilage layer removed. The vascular layer was permeabilized with 0.5% Triton X-100 PBS containing 20% goat serum overnight. Samples were washed 3 times in PBS and incubated with 14 g/mL anti-␣-SMA-Cy3 (clone: 1A4) over-night. Mounted samples were imaged as described in Birdsey et al 25 using a Zeiss LSM510 META confocal microscope with a 10ϫ objective. A tile scan was performed to obtain a composite image of the whole ear. Digitized images (2040 ϫ 2047 pixels) were segmented using an automated multiscale and region growing technique (RISA-J 29 ), and additional analyses were performed using ImageJ software. Vascular density was calculated as a percentage area of vessels/ear area and fractal dimension, a measure of space filling, was calculated using the box-counting method. 30
Adhesion assay
Plates (96-well) were coated with 1% gelatin, 100 g/mL type 1 collagen (BD Biosciences), 30 g/mL VWF (purified in-house), or 1% BSA overnight at 4°C, washed 2 times with PBS, and blocked with 1% BSA for 1 hour. siCTL-or siVWF-treated HUVECs were labeled with 6.25M 5-chloromethylfluorescein diacetate (Invitrogen) following the manufacturer's protocol, and reseeded at 20 000 cells per well onto the coated plates. After 40 minutes, the total cellular fluorescence was measured with a Synergy plate reader (BioTek Instruments) with absorption and emission settings at 492 and 517 nm, respectively. Wells were then washed gently 3 times with PBS containing Ca 2ϩ and Mg 2ϩ at 37°C to remove nonadherent cells. The fluorescence of bound cells was then measured with the Synergy plate reader using the same settings. The percentage of bound cells relative to the total number seeded was then calculated.
Flow cytometry
siCTL-or siVWF-treated HUVECs were harvested, washed 2 times with Hanks balanced salt solution (with Ca 2ϩ and Mg 2ϩ ) containing 1% FCS, and resuspended in 20 g/mL primary antibody solution for 30 minutes at 4°C. Cells were washed 2 times, resuspended in secondary antibody solution, and incubated for 30 minutes at 4°C. Cells were then washed 4 times and resuspended in PBS containing 1% paraformaldehyde. Flow cytometry was performed using an Epics XL flow cytometer (Beckman Coulter).
Statistical analysis
All numerical data are expressed as means Ϯ SEM. We analyzed datasets for significance with the Student t test. P values Ͻ .05 were considered statistically significant.
Results
Endothelial VWF regulates in vitro angiogenesis
To study the role of endothelial VWF in angiogenesis, we inhibited its expression in HUVECs using specific siRNA (siVWF). siVWF inhibited VWF expression by Ն 90% compared with control siRNA (siCTL), both at the mRNA and the protein level ( Figure  1A -C and supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). We investigated the angiogenic properties of siVWF-treated HUVECs in an in vitro tube formation assay on growth factordepleted Matrigel. Inhibition of VWF expression resulted in increased capillary tube network formation compared with control cells ( Figure 1D left panels and 1E), suggesting that VWF may repress constitutive proangiogenic signaling pathways in ECs. To test whether extracellular VWF could reverse this phenotype, purified human plasma-derived VWF was added in solution to the Matrigel assay. The addition of soluble VWF to the medium inhibited capillary network formation to a similar extent in both control and VWF-deficient cells ( Figure 1D right panels and 1E), suggesting that extracellular VWF is involved in regulating the vascular network. However, even after the addition of extracellular VWF, VWF-deficient cells still displayed a significantly increased capillary network compared with controls, suggesting that other mechanisms independent of extracellular VWF are also involved in the proangiogenic phenotype in VWF-deficient cells.
The in vitro tube-formation assay in Matrigel encompasses many of the steps involved in the angiogenic process, including adhesion, alignment, tube formation, and migration. 31 We therefore investigated the role of VWF in EC migration using a scratchwound assay and time-lapse microscopy. As shown in Figure 2A and B, migration velocity was increased in siVWF-treated ECs compared with control ECs, and this was associated with a loss of directionality (Figure 2A-C) . The phenotype was confirmed using a second, independent siRNA sequence to inhibit VWF expression (data not shown). The increased migration of siVWF-treated ECs was dependent on VEGFR-2 signaling, because it was inhibited by a specific VEGFR-2 tyrosine kinase inhibitor, SU4312 ( Figure 2B ). Therefore, these results indicate that VWF inhibits a constitutive VEGFR-2-dependent pathway(s) that promotes EC migration. Interestingly, the addition of soluble VWF did not affect the migration of siCTL-or siVWF-treated cells (data not shown), suggesting that this phenotype is mediated by intracellular VWF.
VEGF also induces the proliferation of ECs, another essential process in the formation of new vessels. We therefore tested the role of VWF in an in vitro EC proliferation assay. No difference in basal proliferation was observed in siVWF-compared with siCTLtreated cells; however, VEGF-induced proliferation was higher in siVWF-treated ECs than in siCTL-treated cells ( Figure 2D ). The phenotype was confirmed using a second, independent siRNA sequence to inhibit VWF expression (data not shown). Again, the addition of soluble VWF did not affect proliferation of siCTL-or siVWF-treated cells (data not shown), indicating that intracellular VWF may be involved in regulating EC proliferation. These data indicate that endothelial VWF inhibits tube formation, proliferation, and migration of ECs in vitro through pathways that involve VEGFR-2 signaling and that are regulated by both intracellular and extracellular VWF.
Endothelial VWF regulates ␣v␤3 integrin levels and activity in ECs
The best-characterized endothelial receptor for VWF is the integrin ␣v␤3, which plays multiple roles in angiogenesis and has been associated with both increased and decreased neovascularization (reviewed in Hodivala-Dilke 9 ). We investigated whether the phenotype of VWF-deficient cells might be linked to ␣v␤3. Levels of ␤3 mRNA were decreased after 24 hours of siRNA treatment, and returned to normal after 48 hours ( Figure 3A) . Total ␤3 protein levels were also significantly decreased at 24 and 48 hours after treatment ( Figure 3B ), and surface levels of ␣v␤3 were significantly reduced in siVWF-treated ECs (24-48 hours; Figure 3C ). Treatment with a second, independent VWF siRNA sequence confirmed the decrease in ␤3 mRNA and protein levels (data not shown). Protein levels of ␣v and ␤1 integrin subunit were unaffected (supplemental Figure 2) . Adhesion assays to extracellular matrix proteins confirmed the functional defect of ␣v␤3 integrin in VWF-deficient HUVECs, because binding of ECs to the ␣v␤3-dependent substrate gelatin 32 was decreased compared with controls ( Figure 3D ). ECs binding to VWF, which is also ␣v␤3 dependent, was very low and, although lower in VWF-depleted cells, it did not achieve significance ( Figure 3D ). Binding to the ␤1 integrin ligand collagen type I was unaffected ( Figure 3D ). VWF binds ␣v␤3 via its C-terminal RGD site. 11 Intracellular trafficking of ␣v␤3 was recently shown to be affected by RGD mimetics, 33 suggesting that interaction with RGD-containing proteins such as VWF could modulate ␣v␤3 trafficking. Consistent with this hypothesis and with the reduced levels of surface ␤3, Figure 3E shows that internalization rates of ␣v␤3 are increased in For personal use only. on June 8, 2017. by guest www.bloodjournal.org From VWF-deficient HUVECs. Therefore, VWF appears to regulate both the levels of ␣v␤3 in ECs and its internalization.
Endothelial VWF regulates Ang-2 release in ECs
VWF is essential for the formation of WPBs in ECs, which store a number of proteins including Ang-2. 19 We speculated that the loss of VWF may result in the inability of ECs to store Ang-2 and thus increase its dysregulated release. Ang-2 is known to promote VEGF-dependent stimulation of EC sprouting and migration, 8 and has recently been found to induce degradation of integrin ␤3. 34 Therefore, dysregulated Ang-2 release from VWF-deficient ECs could be involved in the proangiogenic effects of VWF. In support of this hypothesis, we found that Ang-2 levels in the supernatant of VWF siRNA-treated cells were increased compared with control cells ( Figure 3F) ; these data were confirmed using a second, independent VWF siRNA sequence (data not shown). These results suggest that VWF regulates VEGF-dependent angiogenesis via multiple pathways involving the integrin ␣v␤3 and the growth factor Ang-2, and that these pathways may cross-talk and converge to influence VEGFR-2 signaling.
VWF-deficient mice show increased angiogenesis and blood vessel density
Results from the in vitro studies suggest that VWF is required to control vessel formation and that a lack of VWF results in increased angiogenesis. To confirm this in vivo, we studied angiogenesis in VWF-deficient mice using the Matrigel plug model. 25 VWF-deficient mice (KO) or littermate controls (CTL) were injected subcutaneously with Matrigel, and plugs were excised after 7 days. A significantly higher cellular infiltrate, previously shown to be correlated with new vessel formation, 35, 36 was found in Matrigel plugs from VWF-deficient mice compared with CTL mice (Figure 4Aleft panels and B) . Immunofluorescent staining for CD31 ( Figure 4A middle panels) and VEGFR-2 ( Figure 4A right panels) confirmed the presence of vessels in Matrigel plugs from VWF-deficient mice. These data suggest that lack of VWF promotes angiogenesis in vivo.
Because we observed an increase in angiogenesis, we speculated that the constitutive vascular network in the VWF-deficient mice might also be increased. The mouse ear is highly vascularized and is a useful tissue for the study of blood vessel density. Whole-mount staining of ears was performed with antibodies specific for ␣-smooth muscle actin ( Figure 4C ) and CD31 (not shown). The entire vasculature of each ear was quantified after tile scanning. In comparison with controls, the density of blood vessels in the ear (relative to total ear area) was significantly higher in VWF-deficient mice (CTL ϭ 12.9 Ϯ 1.1; VWFdeficient ϭ 19.0 Ϯ 1.1; P Ͻ .01); the fractal dimension of the vasculature, a measure of space filling, 30 was also significantly higher (CTL ϭ 1.48 Ϯ 0.01; VWF-deficient ϭ 1.56 Ϯ 0.02; P Ͻ .01). Total ear area was not significantly different (CTL ϭ 23.9 Ϯ 0.9; VWF-deficient ϭ 21.4 Ϯ 1.3; P ϭ .14). These data suggest that VWF is involved in the control of vascular development.
Endothelial cells from VWD patients show enhanced angiogenesis
To determine the relevance of our experimental findings to VWD, we isolated circulating progenitor cells from patients with VWD and cultured them to expand BOECs. 37 BOECs were isolated from 9 VWD patients (4 with type 1, 3 with type 2M, and 2 with type 2A), all with plasma VWF activity and antigen levels below the normal range, and 8 healthy controls. The data on the levels and functional activity of VWF in the patients' plasma is provided in supplemental Table 1 . After Ficoll Hypaque separation of peripheral blood mononuclear cells and culture on collagen type I, BOEC colonies began to appear between days 7 and 22 (see representative colonies, Figure 5A ); these were expanded to obtain confluent monolayers of ECs with typical endothelial cobblestone morphology. The cells expressed the endothelial markers VE-cadherin and ICAM-2, and were negative for the leukocyte marker CD45 ( Figure 5A ). Experiments were carried out with BOECs at passage 4. As expected, BOECs from VWD patients produced lower levels of VWF in culture compared with healthy controls (Figure 5B ), confirming that in these patients, BOECs recapitulate the VWD phenotype. In agreement with what we observed in siVWF-treated HUVECs, BOECs from VWD patients exhibited a significant increase in tube formation on Matrigel compared with healthy donors (Figure 5C ), as well as increased VEGF-dependent proliferation ( Figure 5D ) and basal migration compared with healthy controls ( Figure 5E ). Thus, ECs isolated from VWD patients with decreased VWF levels show enhanced in vitro angiogenesis. These results, together with our previous observations on siRNA-treated HUVECs and VWF-deficient mice, confirm that endothelial VWF regulates angiogenesis.
Discussion
In this study we identified a novel function for VWF in the control of angiogenesis. Using 3 different model systems, we showed that (1) loss of endothelial VWF results in increased in vitro angiogenesis; (2) neo-angiogenesis and vascularization are increased in the VWF-deficient mouse; and (3) the phenotypes can be recapitulated in ECs from patients with VWD.
In vitro, VWF deficiency caused increased VEGFR-2dependent migration and proliferation and increased capillary network formation. The addition of extracellular VWF inhibited tube formation in Matrigel in both control and VWF-deficient cells. However, even in the presence of exogenous VWF, the capillary tube network was significantly greater in VWF-deficient cells, suggesting that both extracellular and intracellular VWF regulates angiogenesis. Interestingly, exogenous VWF did not inhibit VEGFR-2dependent endothelial migration or proliferation in either control or VWF-deficient cells, suggesting that in these models VWF acts as an intracellular regulator of angiogenesis.
Our results suggest that VWF regulates angiogenesis through multiple cross-talking pathways involving ␣v␤3, VEGFR-2 signaling and Ang-2. The best-characterized receptor for VWF on ECs is the integrin ␣v␤3, which exerts both proangiogenic and antiangiogenic functions (reviewed in Hodivala-Dilke et al 38 ) . A large body of literature shows that ␣v␤3 has proangiogenic properties (reviewed in Desgrosellier and Cheresh 39 ). In contrast, in vitro and in vivo studies using ␤3-deficient mice have shown that the loss of ␤3 integrin results in increased angiogenesis via a VEGFR-2dependent pathway, 40, 41 and perturbation of ␣v␤3 trafficking was shown to affect VEGFR-2 activity. 33 In our study, the lack of VWF in ECs in vitro caused a decrease in ␤3 levels and activity and increased angiogenesis. These were accompanied by an increase in VEGFR-2-dependent endothelial proliferation and migration in vitro and VEGFR-2 expression in vivo. VWF regulation of ␤3 integrin levels and activity could indirectly influence angiogenesis via VEGFR-2 signaling. Our data also show a reduction in the directionality of migration in siVWF-treated cells compared with controls. Integrin ␣v␤3 is involved in the regulation of directionality of cellular migration: White et al 42 have shown that inhibition of ␣v␤3 trafficking, reduction in ␤3 protein expression, or treatment with a cyclic RGD peptide all reduced cellular directionality in fibroblasts. Because VWF regulates ␣v␤3 trafficking and ␤3 levels and interacts with ␣v␤3 via an RGD site, it is possible that the loss in directionality observed in the VWF-deficient cells may be directly linked to the reduction in ␣v␤3 levels and activity. The mechanism through which VWF regulates ␤3-integrin levels and function is unknown. In our study, VWF deficiency in HUVECs resulted in an increase in ␤3-integrin protein internalization, which can lead to increased degradation. 34, 43 This could be influenced by the increased levels of Ang-2 (see the next paragraph). Whether VWF also affects ␤3 levels through other mechanisms remains to be established.
Our results also implicate the growth factor Ang-2 in VWFdependent regulation of angiogenesis. VWF is essential for the formation of WPBs, which contain Ang-2 and other angiogenesis mediators, 19 as well as other, as-yet-unidentified proteins. Decreased or dysfunctional VWF can cause a loss or decrease in WPB production and, as a consequence, cause defective packaging of these proteins, resulting in constitutive release of WPB components such as Ang-2. In our in vitro model, loss of VWF resulted in increased Ang-2 levels in the supernatant of the cells. Ang-2 destabilizes blood vessels and acts synergistically with VEGF-A to promote angiogenesis 8, 44, 45 ; overexpression of Ang-2 in vivo results in unstable, dysplastic vessels. 46 Therefore, the increased angiogenesis observed in VWF-deficient cells and mice, as well as the angiodysplasia in patients with VWD, may be in part attributed to an increase in Ang-2 release. Indeed, increased levels of Ang-2 have been reported in patients with arteriovenous malformations. 47 Increased Ang-2 levels could also explain, at least in part, the reduced levels of integrin ␣v␤3 in VWF-deficient cells: in a recent paper by Thomas et al, Ang-2 was shown to induce ␣v␤3 internalization and degradation in ECs. 34 Based on these results, we propose that VWF modulates angiogenesis by regulating Ang-2 storage in ECs, thus indirectly influencing VEGFR-2 signaling and ␤3-integrin trafficking. Other mechanisms involving the modulation of ␣v␤3 function by direct VWF binding are also possible. Studies are ongoing to test this hypothesis.
In VWF-deficient mice, we observed both enhanced angiogenesis in the Matrigel plug assay and increased vessel density in the ear. Whether the latter is due to enhanced vascularization (de novo vessel formation in absence of preexisting ones) during embryonic development or if it represents an increase in sprouting angiogenesis in the adult is unknown. No developmental defects have been described in VWF-deficient mice. To our knowledge, this is the first report that investigates angiogenesis in these animals. Future studies will be required to determine the role of VWF in pathological and therapeutic angiogenesis.
No major developmental defects have been observed in patients with VWD, but vascular abnormalities of both the macro-and microcirculation have been reported, and the presence of angiodysplasia in the large intestinal vessels of some VWD patients is well documented. 20 Abnormalities in the nail-fold capillary bed of VWD patients include morphological changes with increased dilatation, microscopic bleeding, and torquing (dysplasia). [48] [49] [50] In this study, we present a plausible hypothesis for the link between increased angiogenesis, vascular malformations and VWD. We show that a lack of VWF results in increased vascularization, suggesting that VWF is required to control the formation of the vascular network. We also show that VEGF-dependent angiogenesis is enhanced in VWF-deficient cells in vitro. Increased VEGF expression and signaling have been linked to vascular malformations. 51, 52 Finally, we show that VWF regulates Ang-2 release from ECs. Because of the destabilizing effect Ang-2 has on blood vessels, an increase in Ang-2 plasma levels in patients with VWD might contribute to promoting blood vessel plasticity and thus exacerbate angiodysplasia. Studies of Ang-2 levels in patients with VWD are under way.
A barrier to the study of the molecular basis of diseases affecting the vascular endothelium is the difficulty in obtaining ECs from patients. We applied a novel approach to the study of the cellular mechanisms of an endothelial-based disease such as VWD. Our study clearly shows that isolation of blood cells with stem-like properties, which are able to expand in culture and acquire key features of ECs, is a feasible and valid approach to the study of the molecular basis of VWD and other diseases. In this study, no functional difference with respect to in vitro angiogenesis was observed in BOECs from patients with type 1, type 2A, or type 2M disease; clearly, the size of the patient population was too small to detect any possible differences between VWD subtypes. All patients had reduced VWF levels, and this study focused on the effects of decreased VWF on angiogenesis. However, because of its many binding partners, it is plausible that dysfunctional VWF may also affect angiogenesis through different mechanisms. For example, interaction of VWF with endothelial glycoprotein Ib has been reported to affect cell migration. 53 Further studies in a larger patient population are ongoing to address this question.
In conclusion, this study defines a novel function for VWF, proposing a mechanism for VWF-mediated regulation of angiogenesis and confirming VWF as a multifunctional vascular protein.
These results extend our understanding of the pathogenesis of angiodysplasia in VWD. Moreover, they raise the possibility that elevated VWF levels, as observed in many diseases, may inhibit angiogenesis. Because of the wide variation in VWF plasma levels 13 and the key role of angiogenesis in many diseases from cancer to atherosclerosis, the implications of our results are potentially far reaching.
